The sensory outer segments (OS) of vertebrate retinal photoreceptors, which detect photons of light, resemble the distal segments of Caenorhabditis elegans sensory cilia, which detect chemical ligands that influence the chemotactic movements of the animal. Based on fluorescence microscopy assays performed in sensory cilia of living, transgenic ''wild type'' and mutant C. elegans, combined with in vitro motility assays using purified motors, we have proposed that two types of kinesin-2 motor, heterotrimeric kinesin-II and homodimeric OSM-3, cooperate to build amphid and phasmid sensory cilia on chemosensory neurons. Specifically, we propose that these motors function together in a redundant manner to build the axoneme core (aka middle segments (MS)), whereas OSM-3 alone serves to build the distal segments (DS). Furthermore, our data suggest that these motors accomplish this by driving two sequential steps of anterograde transport of cargoes consisting of IFT-particles, retrograde dynein motors, and ciliary tubulin subunits, from the transition zone to the tips of the axonemal microtubules (MTs). Homologs of kinesin-II (KIF3) and OSM-3 (KIF17) are also proposed to contribute to the assembly of vertebrate photoreceptors, although how they do so is currently unclear. Here I review our work on kinesin-2 motors, intraflagellar transport (IFT) and cilium biogenesis in C. elegans sensory cilia, and comment on its possible relevance to current research on vertebrate photoreceptor cilia assembly and function.
Introduction
Sensory (aka primary) cilia are currently recognized as playing important roles in most eukaryotic cells, by serving as antenna-like signaling platforms that concentrate signal transducing molecules, detect extracellular sensory stimuli and transduce them into signals that are transmitted to the cytoplasm or nucleus to control many cellular and developmental processes (Ishikawa & Marshall, 2011) . For example, in the vertebrate retina, rod and cone photoreceptors are specialized neurons whose outer segments are elaborate sensory cilia that contain stacks of membranes enriched in opsins which detect photons of light, together with associated phototransduction molecules e.g. the heterotrimeric G protein, transducin, which activates cGMP phosphodiesterase to reduce cGMP levels and close cyclic nucleotide gated (CNG) channels in the cilium membrane, plus arrestin which inactivates rhodopsin following its photoactivation (Insinna & Besharse, 2008; Yau & Hardie, 2009) . Similarly, in the Caenorhabditis elegans nervous system, sensory cilia occur on the dendritic endings of chemosensory neurons where they concentrate various chemoreceptors and associated signaling molecules that detect chemicals in the environment and send signals via networks of inter-and motor-neurons to the body wall musculature to control the chemotactic movements of the animal (Bargmann, 1997; Inglis et al., 2007; Perkins et al., 1986) (Fig. 1) . In both these types of sensory cilia, so-called ''distal singlets'' are thought to play significant roles in sensory signaling because their specific loss, for example in osm-3 mutants (Perkins et al., 1986) , leads to the failure to detect and respond to environmental chemical stimuli, but exactly how they contribute to cilium-based signaling is unclear.
The assembly and maintenance of rod and cone photoreceptor outer segments (OS) requires rapid trafficking of a variety of building blocks from the endoplasmic reticulum/golgi apparatus/trans golgi network in the IS, through the connecting cilium, to the outer segment. Similarly, in C. elegans chemosensory neurons, sensory ciliary building blocks are thought to be synthesised in the cell body and trafficked along the dendrite, through the transition zone, and along the ciliary axoneme for incorporation at the distal tip. It seems likely that various intracellular transport mechanisms, including diffusion, actin-based transport and MT-based transport contribute to these processes (Calvert et al., 2006; Insinna & Besharse, 2008; Williams, 2002) . Among these, kinesin-2 dependent intraflagellar transport (IFT) is currently drawing much attention and is the focus of the current presentation.
Kinesin-2 motors, intraflagellar transport and ciliogenesis
Our own work in this area began with the fortuitous discovery of a new form of kinesin. Eukaryotic cells are now known to contain multiple, functionally diverse kinesin motors, that are organized into 14 families with some transporting cargoes towards the plus or towards the minus ends of MTs, and others serving as MT polymerases or depolymerases (Lawrence et al., 2004) . The founding member of this superfamily, kinesin-1, was isolated as a heterotetrameric fast axonal organelle transport motor consisting of 2 identical motor subunits (KHC) and 2 ''light chains'' (KLC) via microtubule affinity purification from neuronal cell extracts (Vale, Reese, & Sheetz, 1985) .
Subsequently, in a search for motors that mediate mitosis and chromosome segregation, we purified a different, heterotrimeric plus-end-directed MT-based motor named kinesin-2, consisting of 2 distinct KHC-related motor subunits and an accessory ''KAP'' subunit, from echinoderm egg/embryo extracts (Cole et al., 1993; Wedaman et al., 1996) . Such plus-end-directed motility would correspond to anterograde movement from the base to the tip of cilia. By microinjecting monoclonal antibodies into fertilized sea urchin eggs to inhibit the function of heterotrimeric kinesin-2 and monitoring subsequent embryonic development, we observed no effect on mitosis but we did observe a dramatic inhibition of motile cilia assembly on the blastula-stage embryo, suggesting that heterotrimeric kinesin-2 is required for ciliogenesis (Morris & Scholey, 1997) .
How kinesin-2 motors might contribute to ciliogenesis was illuminated by pioneering studies done in parallel in Chlamydomonas flagella, leading to the discovery of intraflagellar transport (IFT), the bidirectional, kinesin-2 and IFT-dynein dependent transport of multi-subunit macromolecular complexes called IFT-particles along axonemal MTs between the base and the tip of the axoneme which is essential for cilium assembly and maintenance (Cole et al., 1998; Kozminski et al., 1993; Rosenbaum & Witman, 2002) . Early on it was recognized that IFT might contribute to ciliogenesis in a broad range of systems, including vertebrate photoreceptors (Rosenbaum, Cole, & Diener, 1999) . Evidence in support of this hypothesis is discussed later (Section 5).
3. Studying kinesin-2 motors, IFT and ciliogenesis in the C. elegans nervous system; two anterograde IFT motors cooperate to move IFT particles along the axoneme To improve our understanding of how kinesin-2 motors contribute to IFT and ciliogenesis, we decided to turn to the nematode, C. elegans which Sydney Brenner had introduced as a model system for studying the genetics of the nervous system (Brenner, 1974; White et al., 1986) . Advantages included the existence of multiple behavioral mutants with defective cilia on their sensory neurons, which might be useful for dissecting mechanisms of ciliogenesis (Perkins et al., 1986; Starich et al., 1995) and techniques for using green fluorescent protein (GFP) to monitor the expression and dynamics of neuronal proteins (Chalfie et al., 1994) . Also, when we first sequenced the novel KAP subunit of sea urchin heterotrimeric kinesin-2, the only homologous sequence we found was located on a cosmid present in the C. elegans genome sequence database which we proposed might encode a KAP that oligomerizes with OSM-3 (Tabish et al., 1995) plus a second motor subunit to form a single heterotrimeric kinesin-2 motor complex that would be amenable to functional analysis via mutants (Wedaman et al., 1996) .
To our surprise, using biochemical fractionation and molecular biology, we found that C. elegans sensory cilia contain two kinesin-2 holoenzymes, a heterotrimeric form, kinesin-II, much like the prototypic sea urchin motor, and a homodimeric kinesin-2 termed ''OSM-3'' (Fig. 2) . This was supported by the subsequent expression, purification and biochemical characterization of recombinant C. elegans kinesin-II and OSM-3 (Imanishi et al., 2006; Pan et al., 2006) .
To understand if and how kinesin-II and OSM-3 contribute to axoneme assembly, we compared the structure of sensory cilia by light microscopy and serial section EM with 3D reconstructions in wild type versus single mutants lacking kinesin-II or OSM-3 function, and double mutants lacking both kinesin-II and OSM-3 function ( Fig. 3) (Evans et al., 2006; Snow et al., 2004) . Ciliary axonemes in wild types and kinesin-II mutants contain intact middle and distal segments (Fig. 3 , upper two rows), those in osm-3 mutants specifically lack distal segments (Fig. 3, 3rd row and Perkins et al. (1986) ) whereas double kinesin-II;osm-3 mutants lack the entire axoneme ( Fig. 3 bottom row) . Thus kinesin-II and OSM-3 motors function redundantly to assemble the middle segment, i.e. the axoneme core, whereas OSM-3 alone specifically extends the distal singlets.
To evaluate the role of IFT driven by kinesin-2 motors in ciliogenesis, we developed time lapse fluorescence microscopy assays to measure the rates of movement of specifically labeled IFT proteins along sensory cilia (Orozco et al., 1999) . Measurements of the rates of movement of tagged IFT-particle subunits, kinesin-II and OSM-3 suggested that kinesin-II alone moves IFT particles at 0.4-0.5 lm/s, OSM-3 alone moves IFT particles at 1.1-1.3 lm/s, and the two motors can work together to move the same IFT particles at 0.7 lm/s (Fig. 4 , Table) (Ou et al., 2005; Snow et al., 2004) and it was possible to replicate these rates using purified kinesin-II and OSM-3 in motility assays in which the rate of MT gliding was measured as a function of the mole fraction of mixtures of the two motors (Fig 4, Table) (Pan et al., 2006) . This has led to the model in which, in wild type cilia, kinesin-II and OSM-3 move IFT particles from the basal body to the tip of the middle segment at the intermediate rate of 0.7 lm/s to build the middle segment, at the tip of the middle segment kinesin-II dissociates, possibly in response to MAP kinase activity (Burghoorn et al., 2007) , and then OSM-3 alone moves IFT particles the rest of the way along the distal singlets to specifically assemble the distal segment (Fig. 4 , lower panel).
While this model is consistent with available data for amphid channel and phasmid sensory cilia, there is evidence that these two motors are deployed differently in other classes of C. elegans sensory cilia e.g. (Evans et al., 2006; Morsci & Barr, 2011; Mukhopadhyay et al., 2007) . This underscores the complexity in the mechanisms by which different kinesin motors are utilized in different types of cilia, even in the same organism, and has led to the hypothesis that ''core'' heterotrimeric kinesin-2 motors which build the axoneme core, can be modulated in various ways by ''accessory'' motors e.g. OSM-3, to confer cilia-specific properties such as the extension of distal singlet MTs (Scholey, 2008) .
Dissecting the distal singlet pathway in C. elegans; ciliary tubulin isotypes as potential cargo
We initially focused our attention on distal singlet MTs based on the idea that they might serve as specialized signaling domains in sensory cilia (introduction). We reasoned that components of the distal segment assembly pathway might include cargo molecules that are transported by the IFT machinery to the distal tips of the ciliary axonemes where they incorporate into the singlets. To identify such components, we analyzed all the ciliary (che, osm, dyf) mutants for those that phenocopy the osm-3 mutant in specifically missing the distal singlets of their cilia and we sequenced some of their products (Hao, Thein, et al., 2011; Ou et al., 2005 Ou et al., , 2007 .
One class of proteins identified in this screen included IFT-particle subcomplex B subunits that are required for OSM-3 driven transport along the cilium, including DYF-1, DYF-6 and IFT-74/ 81 (Hao, Thein, et al., 2011; Ou et al., 2005) . A second class included subunits of the BBSome (Nachury et al., 2007) which had previously been shown to undergo IFT (Blacque et al., 2004) and were required to maintain the integrity of IFT-particle subcomplexes A and B (Ou et al., 2005 Pan et al., 2006) . Used in concert with transport assays using specifically tagged markers, these latter mutants were very useful for assigning C. elegans proteins as subunits of either IFT-A or IFT-B . Finally, another class of distal segment mutants identified the a and b tubulin isotypes, TBA-5 and TBB-4 as potential cargo of IFT in these cilia.
We found that specific point mutations, A19 V and P360L in TBA-5 and L253F in TBB-4 specifically destabilize singlet MTs, whereas deletion mutants do not (Fig. 5) . The point mutations may therefore be categorized as ''recessive, gain of function'' mutations (Wright & Hunter, 2003) . The results suggest that these tubulins are not essential for ciliary axoneme assembly and that compensatory tubulins (Hurd et al., 2010) can functionally substitute for the deletion of TBA-4 and TBA-5, whereas specific point mutants within these tubulins can ''poison'' singlet MT stability (Hao, Thein, et al., 2011) . Moreover these tubulins are differentially localized, with TBB4 being found all along the axoneme and TBA-5 being concentrated in the distal singlets (Fig. 6) suggesting a possible differentiation of function.
When we used our standard fluorescence microscopy/kymography IFT assays to determine if these tubulins are delivered by IFT, only very faint diagonal tracks were visible (Hao, Thein, et al., 2011) . Two other potential cargo molecules of kinesin-2 motors
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Middle segment have been identified using these types of IFT assays; subunits of the retrograde motor, IFT-dynein, which yield very robust tracks in kymographs (but appear to move independent of IFT-particles) (Hao, Efimenko, et al., 2011) and ciliary membrane associated TRPV channels which yield less robust tracks .
Distal segment
Because the kymographs of moving fluorescent TBB-4 were faint and not totally convincing, we analyzed the dynamics of the protein using FRAP and mathematical modeling (Hao, Thein, et al., 2011) . We found that, following photobleaching, new fluorescent TBB-4 assembled at the tips of the middle and distal segments with a FRAP half-time of the order of 1-2 min (Fig. 7) . Modeling revealed that the dynamics of the observed recovery could be accounted for by IFT of the tubulin subunits to the MT tips at rates driven by the cooperative action of kinesin-II and OSM-3 along wild type cilia, followed by insertion at the tips by dynamic instability, but substituting diffusion or rates of IFT corresponding to mutants lacking either kinesin-II or OSM-3 function did not give a good fit to the data (Fig. 8) (Hao, Thein, et al., 2011) . This may explain why this elaborate two-motor anterograde IFT pathway is used -namely to optimize the speed of tubulin transport for optimum cilium length, in accordance with the balance point model for cilium length control (Engel, Ludington, & Marshall, 2009; Hao, Thein, et al., 2011; Marshall & Rosenbaum, 2001) . The model also predicts that 2 or 3 tubulins are delivered per IFT particle, but in kymographs we see only faint tracks because fluorescent TBB-4 on moving IFT particles is ''diluted out'' by exchange with; (i) non-fluorescent TBB-4 subunits created by the photobleaching that is needed to reduce the high background fluorescence of already Recovery (%) = 26.7 ± 5.6 t 1/2 = 90.3 ± 20.1 Recovery (%) = 42.8 ± 18.1 Fig. 7 . Fluorescence Recovery After Photobleaching (FRAP) analysis of tubulin, TBB-4 dynamics in phasmid sensory cilia. Upper panels, the entire ciliary axonemes of phasmids expressing fluorescent TBB-4 (À1 min) was photobleached (0 min) and its recovery by incorporation of fluorescent tubulin at the tips of the middle and distal segment MTs (arrowheads) was monitored over the subsequent 30 min. Lower panels, FRAP recovery curves for middle (left) and distal (right) segments (Hao, Thein, et al., 2011). incorporated axonemal tubulins; and (ii) by other ciliary tubulin isotypes (Hao, Thein, et al., 2011) . It is possible, however, that standard IFT assays of more intensely labeled fluorescent tubulins (e.g. by adding multiple tags) could yield more robust tracks in kymographs. Further work on the delivery of ciliary tubulins by IFT and by other complementary mechanisms would be beneficial.
Kinesin-2 motors and IFT in vertebrate photoreceptor cilia
Work done mainly in zebrafish and rodents suggests that, as in C. elegans sensory cilia, members of the kinesin-2 family play important roles in photoreceptor cilium assembly and maintenance, but the mechanism by which they do so is currently less clear.
Observations that mammalian photoreceptor OS turnover approximately 10% of their length per day suggest that OS membrane proteins such as rhodopsin must be rapidly transported into the OS, whereas light stimulates the translocation of 10 9 arrestin molecules per hour from the IS to the OS, consistent with a rate of trafficking several hundred-fold faster than rhodopsin (Insinna & Besharse, 2008) . Current data suggest that rhodopsin trafficking depends on the kinesin-2 family motors, heterotrimeric kinesin-II (composed of KIF3A, KIF3B or KIF3C plus KAP3) and homodimeric kinesin-2 (composed of KIF17) plausibly acting via IFT and complemented by the actin-based motor, myosin VIIa (Williams, 2002) . In contrast, arrestin transport appears too fast for a cytoskeletal motor-dependent translocation and is proposed to depend on some type of rapid diffusion-to-capture involving capture by photoactivated OS binding sites (Calvert et al., 2006; Insinna & Besharse, 2008) . In rodents, loss of heterotrimeric kinesin-II function by the targeted mutagenesis of KIF3A and loss of function of the IFT particle subunit, IFT-88 led to abnormal OS morphogenesis, rhodopsin mislocalization to the IS and retinal degeneration characterized by a progressive loss of photoreceptors. This supports the hypothesis that kinesin-II-driven IFT may transport rhodopsin and other membrane-bound OS components from the IS, through the connecting cilium and out along the axoneme to assemble and maintain the OS (Jimeno et al., 2006; Lopes et al., 2010; Marszalek et al., 2000; Pazour et al., 2002) . A role for kinesin-II in such trafficking is supported by the expression of dominant negative kinesin-II in zebrafish cone photoreceptors which disrupted the IS and synaptic ribbon leading to cell death (Insinna et al., 2009) . However, the situation is complicated by complexity in the manner of deployment of heterotrimeric kinesin-II motors; in zebrafish, the analysis of loss-of-function KIF3B single versus KIF3B/3C double mutants has led to proposals that early photoreceptor morphogenesis depends only on KIF3A/3B/KAP3 whereas later development depends on either KIF3A/3B/KAP3 or KIF3A/3C/KAP3 functioning in a redundant manner (Zhao et al., 2012) . Moreover, targeted knock-out of KIF3A in specific types of rodent photoreceptors led to proposals that heterotrimeric kinesin-II trafficks membrane proteins to cone but not rod outer segments (Avasthi et al., 2009 ). This challenges the appealing hypothesis that the mislocalization of opsin to the IS observed in rod photoreceptors of kinesin-II knock-out mice reflects defects in specific kinesin-II-driven transport of rhodopsin to the OS and further work on this important topic is required (Avasthi et al., 2009; Lopes et al., 2010) .
The role of the homodimeric kinesin-2 motor, KIF17, in vertebrate photoreceptor ciliogenesis is also an active area of investigation. In one study, loss-of-function mutations in zebrafish KIF17 were associated with only slight truncations in the distal singlets of olfactory cilia whereas the gross morphology of photoreceptors appeared perfectly normal, although it remains to be determined if the mutation eliminates all KIF17 function in these cells, or if minor defects in the trafficking of membrane proteins to the OS was overlooked (Zhao et al., 2012) . In contrast, the morpholino-based depletion of KIF17 led to a delay in photoreceptor morphogenesis and dominant negative KIF17 constructs specifically disrupted the OS, perhaps because KIF17 functions by specifically elongating the photoreceptor axonemal singlet MTs and/or by delivering membrane proteins to the OS (Insinna et al., 2009) . A role in distal singlet assembly is consistent with the role of OSM-3 in C. elegans, whereas the latter is consistent with the idea that KIF17 delivers (Engel, Ludington, & Marshall, 2009; Marshall et al., 2005; Marshall & Rosenbaum, 2001) , yields results consistent with the idea that the delivery of tubulin subunits by IFT at rates corresponding to those thought to be mediated by kinesin-II and OSM-3 in wild type cilia (Fig. 4) can maintain a cilium at its steady state length, can account for the FRAP recovery curves (upper) and can maintain axonemal MT tips in close axial proximity while they incorporate tubulin subunits at their plus ends via dynamic instability (lower). In contrast, substituting diffusion or rates of IFT driven by kinesin-II alone or OSM-3 alone as in mutant cilia does not yield a good fit to experimental data (Hao, Thein, et al., 2011) .
cyclic nucleotide gated channels to the distal tip of some vertebrate primary cilia (Verhey, Dishinger, & Kee, 2011) . Thus there are strong suggestions that both heterotrimeric kinesin-2 and homodimeric kinesin-2 motors contribute to the morphogenesis of vertebrate photoreceptor cilia, but whether they do so by driving IFT as seems highly plausible, and if they act in a semi-redundant fashion to drive sequential steps of anterograde IFT as proposed for C elegans amphid channel and phasmid sensory cilia (Figs. 3 and 4) requires further work.
Conclusions
As noted in the introduction, in some ways the sensory outer segments of vertebrate photoreceptor cilia are equivalent to the distal segments of C. elegans sensory cilia on the dendritic endings of amphid and phasmid chemosensory neurons, and thus the experimentally more pliable C. elegans sensory cilia may represent useful models for studying the role of kinesin-2 motors and IFT in the medically more relevant vertebrate photoreceptor cilia (see also Mok & Heon, 2012) .
The available evidence reviewed above is consistent with the hypothesis that kinesin-2 motors contribute to the assembly, maintenance and function of both C. elegans sensory cilia and vertebrate photoreceptor cilia. In amphid and phasmid channel C.elegans cilia, this evidence supports the hypothesis that heterotrimeric kinesin-II and homodimeric OSM-3 function redundantly to assemble the axoneme core (aka middle segments) whereas OSM-3 alone extends the distal singlets. This creates a two-step pathway of anterograde transport that delivers IFT particles, retrograde dynein motors and ciliary tubulin subunits to tips of the axoneme and also moves TRPV channels within the plane of the ciliary membrane, although it is quite possible that future work will necessitate revisions of this model. There is also evidence that the heterotrimeric kinesin-II/KIF3 and homodimeric KF17 motors play important roles in photoreceptor morphogenesis. At this stage there exists good evidence that kinesin-II is required for delivery of opsins and possibly other membrane-bound cargo to the OS, especially in cones, and although a role for IFT in this process seems likely, direct evidence is lacking. Roles for KIF17 in OS morphogenesis is supported by some, but not all published work, and whether KIF17 cooperates with kinesin-II in a pathway similar to that seen in C. elegans cilia is unclear, though work addressing this issue is progressing very well.
Dissecting the mechanisms by which kinesin-2 motors cooperate in the delivery of specific cargoes to the sensory OS of vertebrate photoreceptors and evaluating the roles of IFT versus other mechanisms such as diffusion and actin-based transport would benefit greatly from the development of; (a) time-lapse fluorescence microscopy and kymography-based assays of the type first developed in C. elegans sensory cilia; and (b) the combined use of FRAP and mathematical modeling of the type used to evaluate role of IFT in tubulin dynamics in these cilia. Although this is technically far more challenging in vertebrate photoreceptor cilia, evidence that excellent progress is being made was reported at this meeting. In my opinion, it is through the application of such technical approaches, rather than the application of specific models that work on C. elegans sensory ciliogenesis can best aid in understanding how kinesin-2 motors, IFT and other transport pathways contribute to vertebrate photoreceptor OS assembly and function, and how trafficking defects give rise to photoreceptor degeneration and visual impairment.
